Biologically mediated methanogenesis is carried out by a diverse group of anaerobic organisms, known as methanoarchaea, that obtain all of their energy for growth by converting a limited number of substrates to methane (CH 4 ) (5). These organisms are found in a variety of environments throughout the world, including both man-made and natural anaerobic habitats in which there are limited amounts of light, sulfate, and nitrate but which contain complex organic compounds (4) . Despite the enormous phylogenetic diversity among the methanogens, the metabolism of these organisms is extremely specialized, and all known species are obligate methanogens. Four discrete methanogenic pathways are known: (i) the CO 2 reduction or hydrogenotrophic pathway involves the reduction of CO 2 to CH 4 with hydrogen gas (H 2 ) as the reductant; (ii) the methylotrophic pathway involves the disproportionation of methylated compounds, such as methanol and methylamines, to CO 2 and CH 4 ; (iii) the methyl reduction pathway results in the direct reduction of methanol to CH 4 with H 2 as the reductant; and (iv) the acetoclastic pathway involves the dismutation of acetate to CO 2 and CH 4 (7) . A key series of reactions in both the methylotrophic and hydrogenotrophic pathways involves the reversible oxidation/reduction of coenzyme-bound one-carbon units (the C1 oxidation/reduction pathway). Extensive in vitro biochemical studies over the years have characterized the unique proteins involved in this pathway, leading to elucidation of the pathway shown in Fig. 1 (4, 7, 23) . However, in vivo studies of the pathway were not possible until the relatively recent development of tools for facile genetic manipulation of Methanosarcina species (21) .
Genetic studies of the C1 oxidation/reduction pathway in Methanosarcina barkeri have shown that some of the steps have multiple roles in the physiology of the cell. For example, studies of mutants lacking the enzyme methenyl-tetrahydromethanopterin (methenyl-H 4 MPT) cyclohydrolase (Mch), which catalyzes the conversion of methenyl-H 4 MPT to formyl-H 4 MPT, indicate that the C1 pathway is required both for energy production and for biosynthesis (11) . Genetic studies have also indicated that there are as-yet-uncharacterized biochemical pathways that may allow some steps of the C1 oxidation pathway to be bypassed.
The energy-consuming methyl transfer from methyl coenzyme M (methyl-CoM) to H 4 MPT is thought to be a critical step in the C1 oxidation/reduction pathway. This reaction is catalyzed by the N 5 -methyl-H 4 MPT:CoM methyltransferase (Mtr), an eight-subunit membrane-bound enzyme encoded by the mtrECDBAFGH operon (10) . We have demonstrated that Mtr is dispensable in M. barkeri under a variety of conditions but is required for growth via the hydrogenotrophic, aceticlastic, and methylotrophic pathways (26) . Interestingly, although a ⌬mtr deletion mutant is unable to utilize methanol as a growth substrate, ⌬mtr cells are still able to oxidize methanol to CO 2 , clearly demonstrating that the Mtr-catalyzed reaction must be bypassed in M. barkeri. Mutants lacking methenyl-H 4 MPT cyclohydrolase (Mch) are unable to produce CH 4 from methanol in cell suspensions (11) . Because the mtr mutants are capable of methanol oxidation and the mch mutants are not, the bypass must join the standard pathway somewhere between methenyl-H 4 MPT and methyl-H 4 MPT.
Finally, analysis of C1 oxidation/reduction pathway mutants also has indicated that there may be previously undiscovered methanogenic pathways in Methanosarcina. Although unable to grow using either methanol or acetate, ⌬mtr mutants are capable of growing on a combination of these two substrates. Labeling studies showed that growth on this combination of substrates occurred via a new methanogenic pathway in which acetate oxidation was used to drive methanogenic reduction of methanol. Because Mtr activity is sodium dependent, it seems possible that this pathway may be physiologically relevant in low-sodium environments (26) .
These unexpected observations clearly stress the need for further in vivo analysis of methanogenesis. Here we report construction and characterization of additional mutants with mutations in the C1 oxidation pathway. The results of our studies clearly establish the role of the steps in the C1 oxidation pathway during growth of M. barkeri via the hydrogenotrophic, methylotrophic, and aceticlastic pathways and shed new light on the physiological role of the Mtr bypass pathway.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. Escherichia coli strains were grown under standard conditions (25) . M. barkeri strains were grown with singlecell morphology (22) at 37°C under strictly anaerobic conditions in high-salt (HS) medium (18) . HS media were supplemented when necessary with methanol (125 mM) or acetate (80 mM alone or 40 mM in combination with methanol) under either an N 2 -CO 2 (80:20; 40 kPa over ambient pressure) or H 2 -CO 2 (80:20; 150 kPa over ambient pressure) headspace. Bacteria were grown on HS media solidified with 1.5% agar as described by Boccazzi et al. (2) . All plating manipulations were carried out under strictly anaerobic conditions in an anaerobic glove box. Plates containing solid media were incubated in an intrachamber anaerobic incubator as described previously (19) . Puromycin (Calbiochem, San Diego, CA) was added from sterile anaerobic stocks at a final concentration of 2 g/ml for the selection of M. barkeri strains carrying the puromycin transacetylase gene (pac). The purine analog 8-aza-2,6-diaminopurine (8-ADP) (Sigma, St. Louis, MO) was added from sterile, anaerobic stock solutions at a final concentration of 20 g/ml for selection against the hpt gene.
DNA methods, plasmid construction, and transformation. Standard methods were used throughout this study for isolation of plasmid DNA from E. coli (1) . All plasmids and primers used in this study are described in Table 1 and Table  2 . Genomic DNA from M. barkeri strains was isolated as described previously (20) . DNA hybridization was performed using the DIG system (Roche, Mannheim, Germany) with magnagraph nylon transfer membranes obtained from Osmonic (Westborough, MA). DNA sequences of all cloning intermediates were confirmed at the W. M. Keck Center for Comparative and Functional Genomics, University of Illinois. E. coli strains were transformed by electroporation using an E. coli Gene Pulser (Bio-Rad, Hercules, CA) as recommended by the supplier. Liposome-mediated transformation was used for Methanosarcina as described previously (2, 17) .
Construction of M. barkeri deletion strains. M. barkeri deletion strains (Table  3 ) used in this study were derivatives of WWM85 or WWM86 and were constructed by homologous recombination-mediated gene replacement as described previously (21) . Briefly, 2 kb of the region 5Ј of the gene of interest and 2 kb of the region 3Ј of the gene of interest were PCR amplified utilizing KOD DNA polymerase (Novagen, Madison, WI) and M. barkeri Fusaro (ϭ DSM 804) genomic DNA as the template. Each region was cloned into pJK301 (21) on either side of a pac-hpt cassette that was flanked by two 34-bp Frt sites in the same orientation. Two micrograms of the deletion plasmid was linearized by digestion with NotI and transformed into 8-ADP-resistant M. barkeri strain WWM85. Transformants were selected on HS agar containing methanol and puromycin under an H 2 -CO 2 gas phase. Puromycin-resistant strains were single colony purified and screened by PCR for replacement of the wild-type locus with the pac-hpt cassette. The pac-hpt cassette was subsequently removed by transforming the resulting deletion strain with 2 g of the nonreplicating plasmid pMR55 (21) , which contains the Flp recombinase gene under control of the mcrB promoter from M. barkeri Fusaro, and plating the preparation on HS agar with methanol and 8-ADP under an H 2 -CO 2 gas phase. 8-ADP-resistant clones were screened by PCR, and removal of the pac-hpt cassette was verified by Southern blotting.
Cell suspension experiments. M. barkeri strains were grown on methanol under an H 2 -CO 2 gas phase to late exponential phase (optical density at 600 nm [OD 600 ], 0.6 to 0.7). Cells were harvested by centrifugation at 5,000 ϫ g for 15 min at 4°C. Cells were washed twice with anaerobic HS PIPES buffer [50 mM piperazine-N,NЈ-bis(2-ethansulfonic acid) (pH 6.8), 400 mM NaCl, 13 mM KCl, 54 mM MgCl 2 , 2 mM CaCl 2 , 2.8 mM cysteine, 0.4 mM Na 2 S], resuspended in the same buffer to a final concentration of 10 9 cells per ml, and kept on ice. All assay mixtures contained 2 ml of the cell suspension (2 ϫ 10 9 cells), and the assays were carried out under strictly anaerobic conditions in 25-ml Balch tubes sealed with butyl rubber stoppers. Puromycin (20 g/ml) was added to prevent protein synthesis, and each assay mixture contained either 250 mM methanol or 250 mM acetate or both. The gas phase was exchanged five times with N 2 or H 2 and pressurized to 150 kPa over the ambient pressure. Cells were kept on ice until they were used, and assays were started by transferring tubes to 37°C and incubating them on a roller drum (New Brunswick Scientific).
For rate determination, gas phase samples (0.1 ml) were withdrawn with a gas-tight sample lock Hamilton syringe every 10 min, and CH 4 was assayed by gas chromatography (GC) at 225°C with a Hewlett Packard gas chromatograph (5890 series II) equipped with a flame ionization detector. The column used was a stainless steel column filled with 80/120 Carbopack B/3% SP-1500 (Supelco, Bellefonte, PA), and helium was used as the carrier gas. To determine total CH 4 and CO 2 production, assay mixtures were incubated at 37°C for 48 h, and then 0.1-ml gas phase samples were withdrawn. These samples were analyzed by GC at 225°C using a Hewlett Packard gas chromatograph (5890 series II) equipped with a thermal conductivity detector. A stainless steel 60/80 Carboxen-1000 column (Supelco) with helium as the carrier gas was used for these determinations. The total cell protein content was determined using the Labeled cell suspension experiments. Cell suspension assays were performed as described above, except that each assay mixture contained 250 mM [ 13 C]methanol (Isotec, Miamisburg, OH). Gas phase samples (0.1 ml) were removed after 48 h of incubation on roller drum at 37°C, and the 13 CH 4 and 13 CO 2 contents were determined by gas GC-mass spectrometry (MS). This experiment was done at 50°C using an HP6890N GC system equipped with an HP5973 mass selective detector, a flame ionization detector, and a thermal conductivity detector. A carbon plot capillary column (length, 30 m; inside diameter, 0.32 mm; Agilent Technologies, Colorado Springs, CO) was used with helium at flow rate of 2.5 ml/min as the carrier gas.
To determine how ⌬mer cells metabolized methanol plus acetate, cell suspension assays were performed as described above, with the following changes. ⌬mer cells were grown for 3 months in 250 ml of HS medium containing 250 mM methanol plus 160 mM acetate. Cell suspensions were prepared in triplicate, and one of the following combinations was added to each suspension: 250 mM [ Methyltransferase assays. Wild-type and ⌬fae strains were grown on methanol to late log phase (OD 600 , 0.6 to 0.7), and cell extracts were then prepared anaerobically as previously described (26) . Methyltransferase activity in these extracts was determined by measuring the formation of methyl-CoM from formaldehyde, H 2 , and CoM as previously described (26) .
Methanol dehydrogenase assays. ⌬mtr cells were grown on methanol plus acetate to late log phase (OD 600 , 0.6 to 0.7), and cell extracts were then prepared anaerobically as described previously (26) . Methanol dehydrogenase activity was assayed in both the reductive and oxidative directions. For the oxidative direction, each assay mixture contained 100 mM methanol, crude extract (1 mg of protein), 5 mM 2-bromoethane sulfonic acid, and one of the following electron acceptors: 20 M factor 420 (F 420 ), 100 M flavin adenine dinucleotide (FAD), 100 M flavin mononucleotide (FMN), 100 M pyrroloquinoline quinine (PQQ), 5 mM methyl viologen (MV), 5 mM benzyl viologen (BV), 100 M 2,6-dichlorophenol indophenol (DCPIP), 200 M metronidazole (MND), 1 mM phenazine methosulfate (PMS), or 20 M cytochrome c (equine heart). Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) (100 M) was also used as an electron acceptor, but the assay mixture also contained 20 M cytochrome c to monitor the reduction of the quinone spectophotometrically. Electron acceptors were purchased from Sigma (St. Louis, MO). F 420 was a gift from L. Daniels.
For the reductive direction, each assay mixture contained either 10 or 1 mM formaldehyde, prepared from paraformaldehyde as described previously (26) , crude extract (1 mg of protein), 5 mM 2-bromoethane sulfonic acid, and one of the following electron donors: 200 M NADH, 200 M NADPH, 20 M reduced F 420 , 100 M reduced PQQ, 100 M reduced FAD, 100 M reduced FMN , 100 M reduced DCPIP, 5 mM reduced BV, 5 mM reduced MV, 20 M reduced MND, or 1 mM reduced PMS. NADH and NADPH were purchased from Sigma (St. Louis, MO). F 420 was reduced in the anaerobic glove box by adding 0.08 g of borohydride polymer (2.5 mmol/g; Sigma, St. Louis, MO) to 600 l of 100 M F 420 and incubating the preparation at room temperature for 30 min. After the 30-min incubation, the solution of F 420 appeared to be colorless and had no absorbance at 400 nm, indicating that the F 420 had been reduced. The borohydride was removed by centrifugation for 1 min at the maximum speed. Reduced F 420 was transferred to a new tube, and 0.2 ml was used in each assay mixture. All other electron carriers were reduced by preparing a 10ϫ stock solution in 50 mM anaerobic morpholinepropanesulfonic acid (MOPS) and adding a few crystals of palladium black (Sigma, St. Louis, MO). The tubes were sealed, and the gas was exchanged five times with 100% N 2 to remove any remaining oxygen. A gas mixture containing 10% H 2 and 90% N 2 was then added by exchanging it five times and pressurized to 150 kPa over ambient pressure. The stock solutions were then incubated at room temperature for 1 h with shaking to allow reduction of the cofactor. The reduced cofactor was then anaerobically transferred to a microcentrifuge tube and centrifuged for 1 min at the maximum speed to remove the palladium black; 0.1 ml of the supernatant containing the reduced cofactor was then used in each assay.
Each methanol dehydrogenase assay was set up anaerobically using a 1-ml (final volume) mixture with 50 mM MOPS (pH 7.0). The cuvette was sealed with a stopper, and the gas phase was exchanged five times with 100% N 2 . Each assay was begun by anaerobically adding either methanol or formaldehyde from an anaerobic stock solution using a Hamilton syringe, and the activity was monitored by following the reduction or oxidation of each electron acceptor or donor at 37°C at the following wavelengths: F 420 , 400 nm (ε ϭ 25. 
RESULTS
Construction of M. barkeri methyl oxidation deletion mutants. Unmarked deletion mutants with mutations in the genes encoding methyl-H 4 MPT:CoM methyltransferase (mtr), methylene-H 4 MPT reductase (mer), methylene-H 4 MPT dehydrogenase (mtd), and formyl-methnaofuran:H 4 MPT formyltransferase (ftr) were constructed by homologous recombination-mediated gene replacement as described previously (21) . To do this, a plasmid that contained ca. 2 kb of the regions 5Ј and 3Ј of the gene of interest was constructed for each deletion. Between these regions was a pac-hpt cassette flanked by two Flp recombinase target (Frt) sites. Each plasmid was linearized and introduced into the parent strain, where a double recombination event between the upstream and downstream regions on the plasmid and the chromosome resulted in replacement of the chromosomal gene with the pac-hpt cassette. To remove the pac-hpt cassette and allow us to reuse puromycin as an antibiotic, the gene encoding Flp recombinase was introduced into each deletion strain on a nonreplicating plasmid, pMR55. The Flp recombinase is able to excise the DNA between the two Frt sites, thus removing the pac-hpt cassette and resulting in a strain that is puromycin sensitive and 8-ADP resistant and in which the gene of interest has been deleted. Deletion of the gene of interest and removal of the pac-hpt cassette in each strain were then verified by Southern blotting (data not shown).
Growth phenotypes of M. barkeri methyl oxidation deletion strains. The abilities of the ⌬mtr, ⌬mer, ⌬mtd, and ⌬ftr mutants to grow on a variety of substrates were determined (Table  4) . While all of the mutants were able to grow using a combination of H 2 /CO 2 and methanol, none of them were able to utilize methanol, acetate, or H 2 /CO 2 alone as a growth substrate. These results suggest that none of the genes examined are required for growth via the methyl reduction pathway, whereas all of them are required for growth via the hydrogenotrophic, methylotrophic, and acetoclastic pathways. We previously showed that the ⌬mtr mutant is able to use a combination of methanol and acetate for growth (26) . Because deletion of mer, mtd, or ftr should prevent oxidation of acetate to CO 2 , we expected that the deletion mutants would not grow on methanol plus acetate, an expectation that was fulfilled by the ⌬mtd and ⌬ftr mutants. Surprisingly, the ⌬mer mutant was able to grow, albeit very slowly, on this combination. The doubling time for the ⌬mer mutant on methanol plus acetate was determined to be 130 Ϯ 15 h, which is 10-fold longer than the doubling time observed for the ⌬mtr mutant (13 Ϯ 1 h) (26) .
Methane production in mutant cell suspensions. Resting cell suspensions of each strain were assayed for the production of CH 4 and CO 2 from various substrates ( Table 5 ). Each of the mutants produced CH 4 from methanol plus H 2 , and, as expected from the growth phenotype data, none of the mutants produced any CH 4 from H 2 /CO 2 alone. Interestingly, both the ⌬mtr and ⌬mer mutants produced significant amounts of CH 4 and CO 2 from methanol alone, while the ⌬mtd and ⌬ftr mutants did not generate any CH 4 or CO 2 from methanol alone.
Given that previous studies have demonstrated that a ⌬mch mutant is also unable to produce methane from methanol alone (11) , these data strongly suggest that the methanol-oxidizing bypass pathway enters the standard C1 oxidation pathway at the level methylene-H 4 MPT.
To demonstrate more directly that methanol was oxidized to CO 2 by the ⌬mtr and ⌬mer mutants but not by the ⌬mtd and ⌬ftr mutants, the cell suspension assays were repeated with [ 13 C]methanol as the sole substrate. As shown in Table 6 , both the ⌬mtr and ⌬mer mutants produced a significant amount of CH 4 and CO 2 from methanol, while the ⌬mtd and ⌬ftr mutants did not. Furthermore, all of the CH 4 and all of the CO 2 produced by the ⌬mtr and ⌬mer mutants were labeled, conclusively showing that these two mutants were able to bypass the steps catalyzed by Mtr and Mer and oxidize methanol to CO 2 .
Biochemical assays for methanol dehydrogenase in C1 pathway mutants. Formaldehyde can condense spontaneously with H 4 MPT to form methylene-H 4 MPT (6, 16), which led us to speculate that formaldehyde might be an intermediate in the bypass pathway. If this is true, then methanol should first be oxidized to formaldehyde by a methanol dehydrogenase, as shown in Fig. 2 . Accordingly, the oxidation of methanol to formaldehyde by ⌬mtr extracts was tested by monitoring the reduction of several different biological and artificial electron acceptors as described in Materials and Methods. Because the reaction is thermodynamically unfavorable in the oxidative direction with most of the electron acceptors tested, we also examined the reduction of formaldehyde to methanol with a variety of biological and artificial electrons donors. After exhaustive attempts, we were unable to detect any methanol dehydrogenase activity in ⌬mtr extracts, leaving the role of this enzymatic activity in question.
Involvement of the formaldehyde-activating enzyme (Fae) in the bypass pathway. In methylotrophic bacteria condensation of formaldehyde with H 4 MPT to form methylene-H 4 MPT is thought to play an important role in formaldehyde catabolism and detoxification. Although the spontaneous reaction occurs at a significant rate, the rate is not sufficient to keep up with the rate of C 1 metabolism (16) . In Methylobacterium extorquens AM1 this problem is solved by the presence of the formaldehyde-activating enzyme (Fae), which catalyzes the formation of methylene-H 4 MPT from free formaldehyde and H 4 MPT (16, 24) . The genome of M. barkeri Fusaro contains two fae homologues, faeA and faeB-hpsB, both of which have been purified and shown to catalyze the condensation of formaldehyde and H 4 MPT to form methylene-H 4 MPT in vitro (9) . We therefore wanted to test whether the fae homologues found in the M. barkeri genome were required for the bypass pathway shown in Fig. 2 . 
a Growth was scored by measuring the OD 600 . Positive cultures (ϩ) typically grew within 3 days; no growth (Ϫ) was scored after incubation for at least 6 months. b M. barkeri parent strain with which all deletions were constructed. The ⌬hpt mutation is present in all strains used in this study. c The strain grew on methanol plus acetate within 4 months. We attempted to isolate faeA and faeB-hpsB single-deletion mutants of M. barkeri, as well as double-deletion mutants with the ⌬mtr and ⌬mer backgrounds. We were unable to obtain an faeB-hpsB deletion mutant, suggesting that this gene may be essential for growth in M. barkeri. We were able to construct mutants with a ⌬faeA deletion in M. barkeri and in the ⌬mtr and ⌬mer strains. Each ⌬faeA mutant was isolated while it was growing on methanol plus H 2 /CO 2 and was confirmed by Southern blotting (data not shown). The ⌬faeA mutants were able to grow on all methanogenic substrates ( Table 4 ). The double mutants were able to grow only on methanol plus H 2 /CO 2 , which is the same phenotype observed for the mtr and mer single-deletion strains. Interestingly, the ⌬faeA ⌬mtr mutant was able to grow on a combination of methanol plus acetate, while the ⌬faeA ⌬mer mutant was not.
To determine whether Fae plays a role in the bypass pathway, resting cell suspensions of the ⌬fae deletion strains were also assayed to determine the CH 4 and CO 2 production from methanol. As shown in Table 7 , the ⌬mtr ⌬faeA and ⌬mer ⌬faeA double mutants produced total amounts of CH 4 and CO 2 similar to the amounts produced by the ⌬mtr and ⌬mer single mutants, and their rates of CH 4 production from methanol were similar to those of the ⌬mtr and ⌬mer single mutants. To focus more directly on the formaldehyde condensation reaction, we also examined the ability of ⌬fae cell extracts to form methyl-CoM from formaldehyde, CoM, and H 2 . In this assay, Fae should catalyze the condensation of formaldehyde with H 4 MPT that is present in the extract to form methylene-H 4 MPT. Methylene-H 4 MPT is then reduced to the methyl level with H 2 as a reductant and transferred to CoM, forming methyl-CoM (26) . The rate of CoM consumption by ⌬fae extracts (23.6 nmol/min/mg of extract) was comparable to the rate of the wild-type strain (24.5 nmol/min/mg of extract). These data suggest that the ⌬fae strain was able to condense formaldehyde and H 4 MPT to methylene-H 4 MPT. (It should be noted, however, that an effect of the ⌬fae mutation would be missed if some other step in this multienzyme reaction is rate limiting.) Taken together, these data suggest that Fae does not play an obligate role in the bypass pathway, possibly because another activity is able to substitute for this enzyme. Our inability to isolate the ⌬faeB-hpsB deletion mutant suggests a logical candidate for the source of this activity.
Role of bypass in utilization of methanol plus acetate in the ⌬mer mutant. We have previously demonstrated that the ⌬mtr mutant is able to use a combination of methanol plus acetate for growth (26) . In this strain, both the methyl and carbonyl groups of acetate are oxidized to CO 2 , producing reducing equivalents necessary to reduce methanol to CH 4 . Unexpectedly, the ⌬mer mutant is also able to grow on a combination of methanol plus acetate, although at a much lower rate than the ⌬mtr strain. To determine how the ⌬mer mutant metabolizes methanol and acetate, one of the following substrate combinations was added to cell suspensions: [ 13 C]methanol plus unlabeled acetate, methanol plus [1- 13 C]acetate, or methanol plus [2- 13 C]acetate. After incubation, production of 13 CH 4 and 13 CO 2 was measured using GC-MS. As Table 8 shows, ⌬mer b The amounts of methane and carbon dioxide are the averages Ϯ standard deviations of at least three trials.
c The values are the percentages of the methane and carbon dioxide produced that were labeled. cells were able to convert both methanol and acetate to CH 4 and CO 2 . The majority of the CH 4 produced originated from methanol; 77% of the CH 4 generated came from methanol, and 26% came from the methyl group of acetate. None of the methyl groups of acetate were converted to CO 2 , presumably because deletion of mer prevented the oxidation of the methyl groups derived from acetate via the methyl oxidation branch of the methylotrophic pathway. More importantly, 47% of the CO 2 produced came from methanol, indicating that a significant amount of flux occurred through the bypass pathway. In contrast, the ⌬mtr mutant oxidizes very little methanol (26) . Thus, the ⌬mer mutant utilizes the bypass pathway at a much higher rate than the ⌬mtr mutant when the organisms are grown on a combination of methanol plus acetate. Coupled with the large difference in growth rates, these data indicate that growth on methanol plus acetate occurs via very different metabolic pathways in the ⌬mtr and ⌬mer mutants.
DISCUSSION
The data presented in this paper provide new insight into the roles of the C1 oxidation/reduction pathway in Methanosarcina. Although we have previously shown that mch mutations block both the methylotrophic and hydrogenotrophic pathways, it is now clear that this is a general feature of C1 pathway genes, including ftr, mch, mtd, mer, and the mtr operon. (Mutants lacking the formyl-methanofuran dehydrogenase [Fmd] have not been examined yet because four putative operons need to be deleted to construct an Fmd-deficient mutant [15] ). Further, it is also clear that each of these C1 pathway genes is required for growth on acetate, while none is required for growth via the methyl reduction pathway. Nevertheless, there are clear phenotypic differences between many of the C1 pathway mutants. In particular, both the ⌬mer and ⌬mtr mutants are capable of oxidizing methanol to CO 2 via a bypass pathway, which is referred to here as the Mtr/Mer bypass. Further, both of these strains are able to grow using a combination of methanol and acetate, although our data suggest that this occurs via substantially different pathways.
In the acetoclastic pathway, acetate undergoes dismutation to CO 2 and CH 4 , where the oxidation of the carbonyl group to CO 2 provides reducing equivalents necessary to reduce the methyl group to CH 4 (8) . The carbonyl group is first cleaved and oxidized to CO 2 by the carbon monoxide dehydrogenase, while the methyl group is then transferred to H 4 MPT (8) . The methyl group thus enters the main methanogenic pathway at methyl-H 4 MPT, where it is transferred to CoM by Mtr and then reduced to CH 4 (8) . Thus, it appears that the C1 oxidation branch of the methylotrophic pathway is not required for methanogenesis from acetate and, accordingly, that mutations in this pathway should not prevent growth on acetate. However, it has been reported that a significant fraction of acetate methyl groups are oxidized to CO 2 during growth on acetate, most likely through the methyl oxidation branch of the methylotrophic pathway (14) . This suggests that flux through the methyl oxidation branch is needed during acetoclastic growth in order to generate the reducing equivalents necessary for anabolic reactions during growth (12) , which probably explains why none of the methyl oxidation deletion mutants characterized here are able to grow on acetate alone.
We also showed that both the ⌬mer and ⌬mtr mutants are capable of mixotrophic growth on a combination of acetate and methanol but use distinct pathways. We previously demonstrated that the ⌬mtr strain was able to utilize methanol plus acetate by using a unique combination of the methylotrophic and acetoclastic pathways (26) . In this strain, oxidation of both the carbonyl and methyl groups of acetate is needed to drive the reduction of methanol. Because Mer is required for the oxidation of the acetate methyl group to CO 2 , this pathway cannot be available to the ⌬mer mutant. However, as described above, aceticlastic methanogenesis is not blocked in the C1 pathway mutants; rather, these mutants cannot generate the reducing equivalents needed for biosynthesis. Our data show that when the ⌬mer mutant is given methanol in combination with acetate, a significant fraction of the methanol is oxidized via the bypass pathway. This flux seems to be sufficient to overcome any biosynthetic block that prevents growth on acetate alone. We therefore propose that the ⌬mer mutant utilizes methanol and acetate via a novel pathway that requires the Mtr/Mer bypass pathway, as shown in Fig. 3 .
Our data clearly show that the Mtr/Mer bypass pathway enters the main C1 oxidation pathway at the methylene level. However, we were unable to provide biochemical evidence for the production of free formaldehyde. This result is consistent with previous studies that failed to detect methanol dehydrogenase in M. barkeri (13) and the absence of homologs of genes encoding known methanol dehydrogenases, including glutathione-dependent dehydrogenases, in the genome sequence (3). Nonetheless, there are several short-chain alcohol dehydrogenases annotated in the M. barkeri Fusaro genome that could possibly oxidize methanol to formaldehyde (Mbar_A0771, Mbar_A0783, Mbar_A0784, and Mbar_A2344) (15) .
There are several possible reasons why no methanol dehy- o Ј ϭ Ϫ255 mV) relative to that of the methanol-formaldehyde couple (E o Ј ϭ Ϫ185 mV), it seems unlikely that these electron carriers would function in accepting electrons from methanol. Higher-potential acceptors, such as quinones, have not been reported for Methanosarcina, nor did they function in our assays. Alternatively, the inability to detect methanol dehydrogenase activity could have been due to a lack of expression of the methanol dehydrogenase in the ⌬mtr mutant under the growth conditions that we used. For these assays, ⌬mtr cells were grown on methanol plus acetate. Although there is some flux of methyl groups through the bypass pathway (Table 8) , it does not seem to be required for growth of the ⌬mtr mutant on this combination of substrates. Therefore, a strain that requires the bypass pathway for growth might express higher levels of methanol dehydrogenase, making detection in extracts much easier. Because the ⌬mer strain requires the bypass pathway for growth on methanol plus acetate, this strain is perhaps a better candidate for detection of methanol dehydrogenase activity.
Genetic approaches also failed to provide evidence for the involvement of free formaldehyde. The abilities of the ⌬faeA mutant that we constructed to oxidize methanol to CO 2 and to catalyze the in vitro conversion of formaldehyde, CoM, and H 2 gas to methyl-CoM were unimpaired. It seems very likely, however, that this was due to the presence of a second copy of Fae in M. barkeri, encoded by the faeB-hpsB gene. The faeBhpsB gene from M. barkeri has been overexpressed in E. coli, and cell extracts of the recombinant E. coli strain have been shown to catalyze the condensation of formaldehyde and H 4 MPT to methylene-H 4 MPT (9). Our inability to delete faeBhpsB in M. barkeri led us to assume that FaeB-HpsB is essential for growth in M. barkeri and supports the importance of this condensation reaction in the metabolism of M. barkeri.
Finally, it remains unclear why the Mtr/Mer bypass pathway does not allow growth on methanol alone. Because our data suggest that formaldehyde may be an intermediate in this bypass pathway, one could imagine that formaldehyde toxicity may play a role in the lack of growth via the bypass pathway. In order to support growth, methanol oxidation to formaldehyde must occur at a high rate. If the formaldehyde generated is not efficiently converted to methylene-H 4 MPT, then it is possible that the accumulation of this highly reactive compound could be toxic for the cells. However, this does not occur in the ⌬mer mutant during growth on methanol plus acetate, which does not support this argument. It is also possible that the proteins involved in the bypass pathway, specifically a methanol dehydrogenase and a formaldehyde-condensing enzyme, are inefficient and unable to convert the methyl groups to CO 2 at a rate high enough to allow growth via methanol-dependent methanogenesis. One would presume, however, that bypassing the energy-consuming Mtr methyl transfer would allow the organism to generate more ATP and would thus result in better growth through the bypass on methanol. We previously argued that perhaps there is simply not sufficient energy available from methanol disproportionation through the bypass pathway to support extra ATP generation (26) . Although the bypass pathway proposed in this study does not allow growth on methanol FIG. 3 . Proposed cometabolism of methanol and acetate by the ⌬mer mutant. ⌬mer cells are able to utilize the proposed bypass pathway to grow on a combination of methanol plus acetate. In this pathway, methanol is oxidized to CO 2 via the bypass pathway (dashed arrows) and is reduced to CH 4 via the methyl reduction portion of the methylotrophic pathway. Acetate is then dismutated to CO 2 and CH 4 , with the carbonyl group of acetate oxidized to CO 2 and the methyl group of acetate reduced to CH 4 . Flux of the methyl group of acetate through the methyl oxidation branch is prevented by deletion of mer, and therefore, ⌬mer cells are unable to grow on acetate alone. Ac, acetate. For an explanation of other abbreviations, see the legend to Fig. 1 .
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M. BARKERI C1 OXIDATION MUTANTS 1935 alone, it is sufficient to allow growth of the ⌬mer mutant on methanol in combination with acetate. Thus, this bypass pathway is able to play a physiological role in the cell. Further studies are needed to identify and characterize the proteins involved in this pathway to determine what physiological role they may play in the cell and hopefully reveal why the bypass pathway is unable to support growth on methanol alone.
